Running Title: Regulation of conventional calpains by p94/calpain 3 2 SUMMARY p94 (also called calpain 3) is the skeletal-muscle-specific calpain and is considered to be a "modulator protease" in various cellular processes. Analysis of p94 at the protein level is an urgent issue because the loss of p94 protease activity causes limb-girdle muscular dystrophy type 2A. In this study, we enzymatically characterized one alternatively spliced variant of p94, p94:exons 6 -15 -
SUMMARY
p94 (also called calpain 3) is the skeletal-muscle-specific calpain and is considered to be a "modulator protease" in various cellular processes. Analysis of p94 at the protein level is an urgent issue because the loss of p94 protease activity causes limb-girdle muscular dystrophy type 2A. In this study, we enzymatically characterized one alternatively spliced variant of p94, p94:exons 6 -15 - 
16
-(p94∆), which lacks two of the p94-specific insertion sequences. In contrast to p94, which has hardly been studied enzymatically due to its rapid, thorough, and apparently Ca 2+ -independent autolytic activity, p94∆ was stably expressed in COS and insect cells. p94∆
showed Ca 2+ -dependent caseinolytic and autolytic activities, and an inhibitor spectrum similar to those of the conventional calpains. However, calpastatin did not inhibit p94∆, and is a substrate for p94∆, which is consistent with the properties of p94, presenting p94 as a possible regulator of conventional calpain system. We also established a semi-quantitative FRET assay using the calpastatin sequence specifically to measure p94 activity. This method detects the activity of COS-expressed p94 and p94∆, suggesting that it has potential to evaluate p94 activity in vivo and in the diagnosis of LGMD2A.
INTRODUCTION
Calpain (EC 3.4.22.17, clan CA, family C2) is a Ca 2+ -requiring cysteine protease representing one of the most important families of the cysteine proteases (1) (2) (3) (4) (5) (6) (7) (8) (9) . To date, various molecules showing significant similarity to the calpain protease domain have been identified in almost all kinds of living organisms and constitute the "calpain superfamily" (6) . Two representative members, µ-and m-calpains, the so-called "conventional" calpains, are ubiquitously expressed and have been well characterized. These two calpains consist of a distinct larger catalytic subunit containing a protease domain (µ-or m-calpain large subunit, abbreviated to µCL 1 or mCL, respectively) and a common smaller regulatory subunit (abbreviated to 30K according to its molecular weight). On the basis of amino acid similarities, the large and small subunits have been described as consisting of four and two domains, respectively, which agrees with the recently resolved three-dimensional structure of m-calpain (10, 11; see Fig. 1A ).
Conventional calpain has a specific endogenous proteinous inhibitor, calpastatin (12) .
Calpastatin contains four repetitive inhibitory units, each of which inhibits equimolar amounts of conventional calpain. The conserved reactive site interacts with the calpain protease domain, whereas the flanking α-helical regions bind to domains IV and VI of the large and small subunits, respectively. Synthetic oligopeptides (see Fig. 4D ) corresponding to the calpastatin reactive site specifically inhibit conventional calpain efficiently, although their inhibitory activity is weaker than that of the full-length inhibitory unit.
The primary structure of p94 (also called calpain 3) is very similar to those of µCL and mCL throughout the entire molecule, beyond the p94-specific sequences, NS, IS1, and IS2 (13) .
Previous studies have revealed several unique characteristics of p94 that diverge greatly from those of the conventional calpains. For instance, [1] p94 undergoes very rapid, thorough, and apparently Ca 2+ -independent autolysis in solution (half-life in vitro is less than 10 min) (14) ; [2] inhibitors of the conventional calpains, including calpastatin, EDTA, and EGTA, have no effect on p94 autolysis (14) ; [3] the gene for p94 produces several alternatively spliced products (15, 16) ; and [4] p94 associates with the N2-line region and the C-terminus of connectin/titin, the gigantic filamentous molecule essential for myofibrils (17, 18 ; for a review of connectin/titin, see [19] [20] [21] . The predominant expression of p94 in skeletal muscle, where its mRNA levels are ca.
10 times higher than those of µCL and mCL, indicates the physiological importance of p94 in that tissue (13) . Consistent with this, a defect in the p94 gene causes limb-girdle muscular dystrophy type 2A (LGMD2A), suggesting that p94 functions are indispensable for proper muscle functions (22) . Several studies, including ours, indicate that the loss of substrate-processing activity, but not hyper-activation or a defect in the structural properties of p94, causes LGMD2A (16, (23) (24) (25) (26) . Therefore, it has become an urgent issue to determine the in vivo substrates of p94 to gain insight into the physiological functions of p94 and its relationships to molecular mechanisms of LGMD2A (27) .
However, the autolytic activity of p94 has hampered the study of p94 protein. Therefore, we have focused on identifying the conditions that will allow us to analyse the proteolytic activity of p94. We have previously observed that deletion of either the IS1 or IS2 region, which are mainly encoded by exon 6 or exons 15+16, respectively, prevents the rapid autolysis of p94 (14) .
In accord with this, we have recently shown that alternatively spliced variants of p94 that lack either exon 6, exons 15+16, or all of these, are detected as non-autolyzed forms, unlike the full-length p94, when they are recombinantly expressed in COS cells (16) .
In this study, we chose one of the splicing variants, p94:exons 6   -15   -16 -(abbreviated as p94∆ in this paper, see Fig. 1A ), which is produced from a transcript lacking exons 6, 15, and 16, and therefore lacks most of the p94-specific insertion sequences, IS1 and IS2, for in vitro enzymatic characterization on the basis of its stability and expression efficiency. The enzymatic properties of p94∆ were compared with those of p94, and µ-and m-calpains. We thus identified several novel enzymatic properties of p94. Notably, neither p94 nor p94∆ is inhibited by calpastatin, and moreover, both hydrolyse calpastatin. These results led us to predict that p94 participates in the regulation of the conventional calpain-calpastatin system in skeletal muscle. We used these findings to establish a calpastatin-based fluorescence assay specifically to measure p94 protease activity, showing a possibility to application of this assay to a diagnostic tool for LGMD2A.
EXPERIMENTAL PREOCEDURES

Materials
Enzymes used for manipulating recombinant DNA were purchased from Takara Shuzo Inc.
(Kyoto, Japan p94-specific anti-pNS (antigen: PTVISPTVAPRTGAEPRS at the N-terminus) and anti-pIS2
(identical to anti-pK-rich, antigen: NTISVDRPVKKKKNKPIIFV overlapping with the IS2 region) antisera have been described previously (14) . Monoclonal antibodies 2C4 and 12A2, which recognize N-terminus and the region around the catalytic residue Asn358 of p94, respectively, were purchased from Novacastra Laboratories Ltd. (Newcastle, UK 
Recombinant proteins expressed in insect cells
The cDNA for p94∆ or p94:C129S, an active-site mutant, was inserted into the pFastBac1 vector using appropriate restriction enzyme sites. Recombinant baculovirus was generated according to the manufacturer's instructions. Sf-9 cells were cultured and infected as previously described (28) . The cells were then shaken vigorously at 27 °C for 50 h at a density of 1 × 10 6 cells/ml, and collected by centrifugation at 600 × g for 5 min at 4 °C. Recombinant proteins were purified following the procedures described previously (28) , with minor modifications as follows.
The harvested cells were washed twice with ice-cold phosphate-buffered saline (PBS 
Protease activity assay
Caseinolytic activity of p94∆ was measured essentially according to ref 30 . In brief, the composition of the standard assay solution was 100 mM Tris-Cl (pH7.5), 25 mM 2-ME, 10 mM The effect of Ca 2+ on p94∆ was determined under the assay conditions described above, varying either the concentration of Ca 2+ , temperature, or pH. Tris-acetate buffer was used instead of Tris-Cl buffer to measure the effect of pH. Protease inhibitors were added to the standard assay solutions at the concentrations indicated. The reactions were carried out at 37 °C for 45 min and the caseinolytic activity was determined as described. The effect of each inhibitor was evaluated relative to the inhibitory effect of 10 mM EDTA set to 100.
To determine the substrate-hydrolysing activity of p94∆, various proteins were incubated with p94∆ in the standard assay solution. Hydrolysis of the proteins was examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie Brilliant Blue (CBB) staining or western blotting.
In the proteolytic assay using Y-C-CSTN as substrate, 2 µg of Y-C-CSTN was incubated with p94∆ in the presence of 15 mM Ca 2+ for 0-45 min at 37 °C in a solution containing 0.1 M Tris-Cl (pH 7.5) and 10 mM 2-ME in a volume of less than 20 µl. The reaction was stopped by the addition of 0.5 ml of 0.1 M EDTA (pH 8.0) or an equal volume of 2 × SDS sample buffer. The fluorescence of the samples was measured by excitation at 434 nm (10 nm bandwidth), and the emission spectra were collected from 450 to 600 nm using an RF-1500 spectrofluorophotometer (Shimazu Inc., Kyoto, Japan). The ratio of fluorescence at 477 nm to that at 527 nm was used to define proteolytic activity. To profile the dose-dependent changes in fluorescent signals, 0-2 µg of p94∆ was incubated with Y-C-CSTN (0.6 µg) in a buffer consisting of 28 mM Ca 2+ , 1 mg/ml bovine serum albumin (BSA), 0.1 mg/ml calpastatin (CSTN) domain 1, 20 mM 2-ME, and 100 mM Tris-Cl (pH 7.5) in a total volume of 15 µl for 5-45 min.
Cell culture and assays
COS-7 cells were maintained and transfected with each plasmid construct as described previously (24) . The cell lysate was prepared by sonicating harvested cells in a solution consisting of 50 mM Tris-Cl (pH 7.5), 25 mM 2-ME, 10 mM EDTA, and the proteinase inhibitors 10 µM Z-D-CH2-DCB, 10 µM YVAD-CMK, 1 mM AEBSF, 2 µM calpastatin peptide C9181, and 2 mM phenylmethylsulfonyl fluoride (PMSF).
To detect p94 activity in the cell lysate, the following protease inhibitors were added to the standard assay mixture described above to inhibit the conventional calpains and other proteases: 
Other protein experiments
SDS-PAGE, western blotting, and subsequent procedures were performed as previously described (14) . Proteins were transferred onto polyvinylidene difluoride membranes (Immobilon-P, Millipore Inc.), as recommended by the supplier, and incubated with specific antisera as indicated.
The secondary antibody was horseradish peroxidase-coupled goat anti-rabbit or goat anti-mouse IgG (Nichirei Inc., Tokyo, Japan). The antibody complexes were visualized using peroxidase substrate (POD Immunostaining Kit; Wako Inc., Osaka, Japan). To examine the autolytic activity of p94∆, 1 µg of p94∆ was incubated in 15 µl of solution containing 100 mM Tris-Cl (pH 7.5), 25 mM 2-ME, and 10 mM CaCl 2 , at either 0 °C or 30 °C for the indicated times. The reaction was stopped by the addition of an equal volume of 2 × SDS sample buffer and subjected to SDS-PAGE followed by CBB staining or western blotting, as described above.
Protein concentrations were measured using a DC Protein Assay Kit (Bio-Rad Inc. CA, USA)
with BSA as the standard. The N-terminal amino acid sequence of the protein fragments was determined on an Applied Biosystems protein sequencer type 477A/120A, according to manufacturer's instructions and the method described previously (31), with some modification.
RESULTS
Expression and purification of p94∆ and p94:C129S
Recombinantly expressed p94∆ and p94:C129S (a protease-inactive point mutant of p94/calpain 3) were purified by four successive rounds of column chromatography, as described in Materials and Methods (see Fig. 1A for structures of p94∆ and p94:C129S). The purity of these products was estimated to be more than 90% based on a CBB-stained gel after SDS-PAGE, as shown in anti-pNS antiserum just after purification. p94:C129S, which was purified by a procedure identical to that used for p94∆, showed no hydrolysis at the N-terminus. Therefore, we concluded that the hydrolysis of p94∆ was autolytic. This autolysis occurred in the presence of 5 mM EDTA, even at 2 °C, which is consistent with our previous observation that p94 rapidly undergoes autolysis in the presence of excess EDTA (14) .
The yields of totally purified p94∆ and p94:C129S proteins were ca. 1.2 and 2.4 mg/l culture, respectively. Although the N-terminal autolysis of p94∆ did not require Ca 2+ , p94∆ showed Ca 2+ -dependent caseinolytic activity (see Fig. 2 ; details are discussed later). Analysis of the degraded casein by SDS-PAGE indicated that p94∆ degrades casein in a manner similar to the caseinolysis by the conventional calpains (data not shown). The specific activity of p94∆ determined by caseinolysis was 9.0 unit/mg, which is ca. 1/80 of the value for recombinant human m-calpain determined with the same expression and purification systems (28, 32, 33) .
However, because most of the purified p94∆ underwent N-terminal autolysis as described above, we concluded that very low specific caseinolytic activity is one of the enzymatic properties of p94∆, and does not result from partial denaturation or aggregation of the protein.
Enzymatic properties of p94∆: effects of temperature, pH, Ca
2+ -concentration, and protease inhibitors
The caseinolytic activity of p94∆ was examined while varying either temperature, pH, or
-concentration, and compared with the corresponding parameters for recombinant µ-and m-calpains. Fig. 2A shows the temperature-dependence of p94∆ caseinolytic activity. The initial rate of p94∆ activity increased with temperature. In the range of temperatures examined here, the activity of p94∆ increased persistently with time up to 60 min. The optimal temperature for 20 min incubation of p94∆ was about 42 °C, which contrasts with the decrease in activity observed for both µ-and m-calpains at temperatures above 25 °C (Fig. 2B) . Although p94∆ shows maximum activity at around pH 7.5, as do other calpains, p94∆ maintains its activity even at pH 10 ( Fig. 2C) . Ca 2+ -dependence showed that a pCa for half maximal activity for p94∆ was 2.9, which is lower than those of µ-and m-calpains (3.7 and 3.3, respectively) (Fig.   2D ).
The effects of various inhibitors on the activity of p94∆ and µ-and m-calpains were investigated (Table 1 ). p94∆ has a spectrum of inhibitors very similar to those of µ-and m-calpains, except calpastatin. The calpastatin fragment inhibited µ-and m-calpains completely at molar ratios of almost 1:1, whereas p94∆ was not inhibited by a 100-fold molar excess of the calpastatin fragment or calpastatin-related peptides (Fig. 2E ). In fact, calpastatin was shown to be a substrate for p94∆ (see below). Because the IS1 region is a target for p94 autolysis (31, 34), we examined the possibility that synthetic peptides corresponding to IS1 would have a competitive inhibitory effect on p94. However, none of the peptides inhibited the caseinolytic activity of p94∆, even at a molar ratio of 100:1 (data not shown).
Autolytic activity of p94∆
p94∆ is much more stable than full-length wild-type p94. However, as described above, limited autolysis at the N-terminus of p94∆ occurs even in the presence of EDTA at 2 °C. Therefore, the autolytic activity of p94∆ was analysed in more detail. p94∆, already lacking the N-terminal 33 amino acids of p94, underwent further autolysis in the presence of Ca To characterize further the autolytic activity of p94∆ relative to that of full-length wild-type p94, p94:C129S, a good "intermolecular autolytic" substrate for p94, was proteolysed by p94∆ (24) .
Co-incubation of p94:C129S (1 µg) and p94∆ (0.1 µg) resulted in the production of four major fragments with approximate molecular weights of 93 kDa, 91 kDa, 58 kDa, and 33 kDa, as shown in Fig. 2H . Interestingly, none of these fragments was recognized by anti-pNS antiserum, and the full-length 94-kDa protein detected by anti-pNS antiserum decreased rapidly in the reaction. The N-terminal residue of the 93-kDa fragment (Fig. 2H , (a)) was Ala15 (Fig. 1A, arrow [1] ), whereas the N-terminal residues of the 91-kDa and 33-kDa fragments (Fig. 2H, (b) and (d), respectively) were identical to that of N-terminally autolyzed p94∆ (Ala34, Fig. 1A [2] ).
These results indicate that p94∆ very efficiently hydrolyses the N-terminus of p94:C129S, as well as that of p94∆ itself. The N-terminal residue of the 58-kDa fragment (Fig. 2H , (c)) was Glu323
( Fig. 1A [3] ), which corresponds to one of the previously determined autolytic sites in native p94 (31) . The 33-kDa fragment was not detected by either the monoclonal antibody 12A2 or anti-pIS2 antiserum. These results indicate that p94:C129S is hydrolysed by p94∆ first at the N-terminus and then in the region of IS1, which generates 58-kDa and 33-kDa fragments corresponding to the C-and N-terminal parts of the 91-kDa fragment, respectively.
Substrates for p94∆
Previously, we found that p94 causes a decrease in a 60-kDa protein in vivo, when expressed in COS cells (14) . Peptide sequencing revealed that it corresponds to heat shock protein 60 (HSP60). Consistent with this, an in vitro assay showed that p94∆ proteolyses HSP60 (Fig. 3A) .
Moreover, HSP60 is proteolysed by m-calpain much more rapidly than by p94∆, suggesting that HSP60 is also a possible in vivo target of the conventional calpains. Although HSP60 is highly conserved from bacteria to eukaryotes (ca. 50% primary sequence identity between human and Escherichia coli proteins), the E. coli HSP60 homologue, GroEL, is very poorly hydrolysed by p94∆. Its co-chaperonin, GroES, and combinations of GroEL and ES with or without ATP were also examined, but none was proteolysed by p94∆ (data not shown).
Several other proteins were incubated with p94∆ to test whether they are substrates. Two Protease-inactive m-calpain, m-calpain:C105S, was proteolysed by p94∆, as shown in Fig. 3D , whereas p94:C129S was not hydrolysed by m-calpain (data not shown). It should be mentioned that anti-pIS2 detects p94∆ since a part of the epitope is retained in p94∆. Notably, the addition of the calpastatin domain 1 fragment (Fig. 3D, +CSTN ) abolished m-calpainolysis by p94∆, but not autolysis of p94∆ or caseinolysis by p94∆ (Fig. 2E) , suggesting that the m-calpain-calpastatin complex acquires resistance to proteolysis by p94∆ in the presence of Ca 2+ . A widely used fluorescent substrate for the conventional calpains, Suc-LLVY-MCA, was not significantly hydrolysed by p94∆ (data not shown).
These results show that some of the substrates for p94∆ (and for p94) can be hydrolysed by the conventional calpains as well (casein, HSP60, connectin/titin N2A fragments, and m-calpain:C105S). On the contrary, calpastatin and p94:C129S are hydrolysed more efficiently and exclusively, respectively, by p94∆ and p94.
Proteolysis of calpastatin by p94∆
Proteolysis at the P1' position (Fig. 4C, N-1) . However, there are no further significant similarities found between the amino acid sequences surrounding the cleavage sites in calpastatin and those for autolytic sites in p94:C129S and p94∆ (Fig. 4C, N-2 and IS1-1~3) (31).
To test whether p94∆ proteolytically degrades short peptides, a 27-mer peptide corresponding to the reactive site of calpastatin (Sigma C9181; Fig. 4D ) was incubated with p94∆. Although the efficiency of cleavage was very low (less than 5% after 120 min incubation), the peptide was cleaved on the N-terminus of Lys99 (Figs. 4C and 4D, vii) . The site has Pro residues at the P1 and P2 positions but not in the P' positions, suggesting that short peptides are cleaved by p94∆
differently from the cleavage of calpastatin domain 1 fragment, which is a much better substrate for p94∆.
Assay system for p94 utilizing calpastatin as substrate
As observed above, calpastatin is the best substrate for p94∆ among the protein substrates examined in this study except for p94:C129S. Therefore, we developed an assay for p94 using the calpastatin fragment and fluorescent resonance energy transfer (FRET). When the purified substrate, Y-C-CSTN (Fig. 5A ), was incubated with p94∆, it was rapidly degraded into several fragments (Fig. 5B ). Before the substrate was cleaved by p94∆, the fluorescence spectrum of Y-C-CSTN excited at 434 nm, the CFP excitation wave length, showed a peak at 527 nm, which is an emission wavelength of YFP, indicating that YFP is excited by the CFP emission by FRET (Fig. 5C, 0 min) . The emission spectrum of Y-C-CSTN excited at 434 nm was measured during the proteolytic process. A time-dependent increase in CFP emission at 477 nm and a corresponding decrease in YFP emission at 527 nm was observed, demonstrating that the proteolysis of Y-C-CSTN by p94∆ can be monitored as the change in the emission spectrum caused by the loss of FRET between those two fluorescent units (Fig. 5C ).
Various amounts of p94∆ were tested for Y-C-CSTN digestion and the ratio of YFP emission to CFP emission, 477 nm/527 nm, was plotted for each time point (Fig. 5D ). The increase in the fluorescence ratio 477/527 was time-and dose-dependent, and the activity of as little as 250 ng of p94∆ could be assayed with an incubation of 45 min. µ-calpain produced no increase in the fluorescence ratio nor proteolysis of Y-C-CSTN over this period of time or in this range of protein concentrations (data not shown), suggesting that Y-C-CSTN is a p94∆-specific substrate but not for the conventional calpains under our assay condition.
Activity of COS-expressed full-length wild-type p94 detected by Y-C-CSTN
To test whether the assay described above can detect the proteolytic activity of full-length wild-type p94, as well as the activity of p94∆, among one hundred other co-occurring proteases in vivo, the proteolytic activity of p94 expressed in COS7 cells was measured using Y-C-CSTN as substrate. COS cells are known to express considerable amounts of m-calpain and other cellular proteases, such as caspases. Ca 2+ -dependent proteolysis of Y-C-CSTN was detected in the lysates of cells expressing full-length wild-type p94 (Fig. 5E , f.l.p94) or p94∆ (Fig. 5E, p94∆ ) in the presence of protease inhibitors for major proteases including conventional calpains, caspases, and serine proteases. On the other hand, the lysates of cells expressing protease-inactive full-length p94:C129S (Fig. 5E , CS) or µ-calpain (Fig. 5E , µ-calpain) showed no activity above background levels, i.e., above the value determined for cells transfected with empty vector, regardless of enough amount of the proteins detected (Fig. 5F , CS and µ-calpain). These results clearly indicate that our assay system specifically detects and distinguishes the protease activity of p94 in the presence of interfering proteases.
To our surprise, full-length wild-type p94 showed Ca 2+ -dependent calpastatinolytic activity (Fig.   5E , f.l.p94). The autolysis of recombinantly expressed p94, however, was Ca 2+ -independent (Fig. 5F , f.l.p94; grey arrow head) as shown previously (14), which is consistent with the fact that most COS-expressed p94 had already disappeared at harvest. These results indicate that the autolysis of p94 does not require Ca 2+ , whereas calpastatinolysis occurs in a Ca 2+ -dependent manner, suggesting different substrate specificities for p94 in the absence and presence of Ca 2+ .
DISCUSSION
In this study, the enzymatic properties of one of the alternatively spliced variants of p94/calpain 3 were examined, to understand better the unique characteristics of p94 and their relevance to its physiological functions. Isolating significant amounts of the proteins is a prerequisite for in vitro enzymatic studies, and this has been almost impossible owing to the very rapid autolytic activity of p94 (31) . On the other hand, some natural splice variants of p94 expressed in skeletal muscle are somewhat stable. After several different isoforms were examined, p94∆, which lacks both IS1 and IS2, was the most promising variant for large-scale preparation. The structure of p94∆ is almost identical to that of µCL and mCL, except that it has the NS. It shows proteolytic characteristics similar to those of µ-and m-calpains, such as Ca
2+
-dependence, insofar as IS1 and IS2 are involved in Ca 2+ -independent protease and autolytic activity, a hallmark of p94.
However, there are several traits distinguishing p94∆ from the conventional calpains: (1) p94∆ shows specific caseinolytic activity much lower than those of the conventional calpains, (2) the optimal temperature for p94∆ activity is higher (ca. 42°C) than those of the conventional calpains (25-30°C), and (3) p94∆ has a lower pCa for half maximal activity than µ-or m-calpains. At present, the possibility cannot be excluded that these properties originate from the lack of IS1 or IS2. It should be emphasized, however, that many features of p94∆ are shared with full-length p94: neither is inhibited by, but proteolytically degrades calpastatin; both exhibit proteolytic activity without 30K; both bind connectin/titin at the N2A and M-line regions (16); both cut p94:C129S at identical sites; and both undergo autolysis in the presence of EDTA. Therefore, it is conceivable that the properties of p94∆ described above reflect the nature of p94 and are related to the functions of p94 in the context of the physiology of skeletal muscle.
Stable and active without 30K
The co-expression of 30K is required for recombinant µ-and m-calpains and nCL-4 in the same Sf-9/baculovirus system (28, 32, 33, 37, 38) . However, proteolytically active p94∆ and inactive p94:C129S were isolated in the soluble and stable fraction without 30K. Furthermore, no interaction between p94∆ and 30K was detected in the yeast two-hybrid system, as was also the case for p94 (17, 16) . These data strongly suggest that p94∆ and p94 do not form heterodimers with 30K. It awaits further analyses on the tertiary structures of p94∆ and p94 to determine if they form homodimers which was predicted from the elution positions of p94:C129S and p94∆
on the gel-filtration column (31 and data not shown).
Autolytic activity of p94 and p94∆
Our previous results on the in vitro translation of p94 indicated that the autolysis of p94 proceeds in the presence of excess EDTA (14) , which was also observed for the N-terminal autolysis of p94∆. Branca et al., however, reported Ca 2+ -dependent proteolytic fragmentation of recombinant p94 (39) . They isolated a substantial amount of full-length wild-type p94 using the Sf-9/baculo virus system. In our hands, however, p94:C129S was expressed abundantly and stably, and was successfully purified almost to homogeneity using the same Sf-9/baculo virus system (Fig. 1B) , whereas wild-type p94 expressed in the same system was detected only as a 55-kDa autolyzed fragment (data not shown). At present, no clear explanation is available for these discrepancies, but p94 may show Ca 2+ -dependent autolysis under certain conditions.
Indeed, Ca
2+
-dependent hydrolytic activity was detected for full-length wild-type p94 as well as for p94∆ using a calpastatin-based FRET substrate in this study.
Hydrolysis of p94:C129S by p94∆, but not by m-calpain, strongly suggests that the substrate specificities of p94∆ and p94 are the same. In addition to the autolytic site in IS1 (31), p94∆ hydrolyses p94:C129S at the N-termini of Ala15 and Ala34. In this study, one of the intramolecular autolytic sites of p94∆ was also demonstrated to be Ala34. Ca 2+ -independent autolysis at the N-terminus of Ala34 generates a rather stable autolytic fragment of p94∆ since no further autolysis occurred during the storage of p94∆ for over a year (data not shown). Recently, Rey and Davies reported that one of the autolytic sites in a recombinant protein corresponding to the protease domain of p94 was Ala15 (34) , which is consistent with our result. They also reported Ala45 and Thr316 as autolytic sites, which were not identified in our experiments. It can be reasoned that the lack of domain III and regions thereafter in their construct exposed sites potentially susceptible to autolytic cleavage. Previously, we have observed that the Ca 2+ -independent autolytic activity of recombinant p94:exon6 -was much weaker than that of full-length p94, resulting in the stabilization of p94:exon6 -(16 and unpublished data).
Therefore, it is inferred that the lack of exon 6, which constitutes most of IS1, contributes to the stability of p94∆ by abrogating the pivotal autolytic site. Rey and Davies also reported (40), another alternative splice variant of p94, which is specifically expressed in the lens. They showed that the lack of IS2 does not effectively stabilize the product when NS is replaced by AX1, a lens-specific N-terminal sequence (41) .
Considering these data together, we conclude that NS, IS1, IS2, and AX1, unique sequences specific to CAPN3 proteins, have independent functions, and that different combinations of them confer specific characters, e.g., different autolytic activities, upon each splice variant.
p94-specific assay towards a diagnosis of LGMD2A
Because the loss of the substrate-processing activity of p94 causes LGMD2A (24), we have focused on identifying its substrates. One of the major problems we faced was how to distinguish the activity of p94 from that of other proteases, including the conventional calpains, in a physiological context. The enzymatic properties determined for p94∆ in this study showed that there are conditions favourable for p94 but not for the conventional calpains, such as high temperature and the presence of calpastatin. Consequently, we established a specific assay system for p94 and demonstrated its ability to identify COS-7-expressed p94, as well as p94∆.
In theory, 0.3 mg muscle, which corresponds to about three 10 µm cryostat slices of a muscle biopsy, contains at least 300 ng of p94 (42) . Our system can assay as little as 250 ng of p94∆.
The activity of the COS-7-expressed p94 and p94∆ detected in this study corresponds to a minimum of approximately 10 ng of protein. Therefore, we anticipate that the activity of endogenous p94 in tissues (biopsy samples) will be measurable using this assay, and that this methodology will be applicable to the diagnosis of LGMD2A by screening for the loss of p94 activity.
Calpain network and LGMD2A
The apparently Ca 2+ -independent proteolysis of p94:C129S and calpastatin is p94-specific, which is not observed for the conventional calpains (17) . m-calpain:C105S was also degraded proteolytically by p94∆ in a Ca Ala15, Ala34, Glu323, and Ala34, respectively. These correspond to the proteolytic sites specified by arrows [1] , [2] , [3] , and [2] in Fig. 1 -independent and Ca 2+ -dependent autolysis only for p94 and p94∆, respectively. 
